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Sola r  Modulation of Cosmic Rays 

and I t s  Re la t ionsh ip  t o  Proton and H e l i u m  Fluxes, 

I n t e r s t e l l a r  Trave l ,  and I n t e r s t e l l a r  Secondary Product ion 

1 N. Durgaprasad , C. E. F i c h t e l ,  and D. E. Guss 

NASA, Goddard Space F l i g h t  Center 

Greenbel t ,  Maryland 

Abs t rac t  

The genera l  problem of s o l a r  modulation of  t h e  g a l a c t i c  cosmic 

r a d i a t i o n  i s  examined wi th  p a r t i c u l a r  emphasis on t h e  s o l a r  wind 

model and a comparison t o  t h e  experimental  cosmic ray d a t a  obtained 

dur ing  t h e  per iod  from 1959 through 1965 inc lud ing  new r e s u l t s  by 

t h e  authors .  It i s  f i r s t  shown t h a t  t h e  experimental  d a t a  a v a i l a b l e  

a t  p re sen t  a l lows only  l i m i t e d  conclusions t o  be drawn without  making 

any r e s t r i c t i o n s  a t  a l l  on t h e  spec t ra  o u t s i d e  t h e  s o l a r  system. The 

a n a l y s i s  then shows t h a t  t h e  assumption of s i m i l a r  energy/nucleon 

s p e c t r a  a t  t h e  source f o r  protons and helium n u c l e i  l e a d s  t o  un- 

modulated s p e c t r a  which have very high i n t e n s i t i e s  a t  low energ ies  

a n d  a source s p e c t r a l  shape for helium n u c l e i  which i s  i n c o n s i s t e n t  

'On l eave  of' absence from the TaLa I n s t i t u t e  o f  Fundamental 

Research, Bombay, India .  
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with  the  r e s u l t s  deduced from an a n a l y s i s  of  helium and heavier  

nuclei .  

l e a d s  t o  a more reasonable  poss ib l e  source s p e c t r a l  shape. 

e f f e c t  o f  t h e  product ion of  low energy pro tons  i n  i n t e r s t e l l a r  space 

i s  included i n  t h e  ana lys i s .  

and a proton source spectrum a r e  der ived  wi th  t h e  assumption t h a t  

t h e  helium spectrum deduced from an a n a l y s i s  of helium and heavier  

nuc le i  i s  c o r r e c t .  This  f i n a l  a n a l y s i s  l e a d s  t o  proton and helium 

nucle i  source s p e c t r a  which a r e  markedly d i f f e r e n t  from each o the r .  

l h e  assumption of  similar r i g i d i t y  s p e c t r a  a t  t h e  source 

The 

F i n a l l y ,  t h e  degree of modulation 

I. In t roduct ion  

The i n t e n s i t y  and energy s p e c t r a  of t h e  low energy g a l a c t i c  

cosmic r a d i a t i o n  i s  known t o  vary  s t r o n g l y  wi th  t i m e ,  being roughly 

inve r se ly  c o r r e l a t e d  wi th  s o l a r  a c t i v i t y .  Severa l  t h e o r i e s  have 

been proposed t o  expla in  t h e s e  v a r i a t i o n s ,  and it i s  now known t h a t  

most o f  them a r e  unsuccessful .  

undertaken by t h e  au tho r s  w i l l  be combined wi th  o the r  d a t a  which 

have been publ ished t o  o b t a i n  a p i c t u r e  of  t h e  t ime v a r i a t i o n  of 

t h e  cosmic r a d i a t i o n  dur ing  t h e  dec l in ing  phase of s o l a r  a c t i v i t y  

(1959-1965). 

approaches which have been taken  t o  t h e  problem of cosmic r a y  modula- 

t i o n ,  one p a r t i c u l a r  model which seems p a r t i c u l a r l y  promising, t h e  

s o l a r  wind model (Parker ,  e. g., 1958a, 1965), w i l l  be explored and 

i t s  p red ic t ions  compared t o  t h e  experimental  d a t a ,  To ga in  f u r t h e r  

I n  t h i s  paper ,  t h e  r e s u l t s  of work 

A f t e r  a quick summary of t h e  va r ious  t h e o r e t i c a l  



-3- 

i n s i g h t  i r i to  t h e  problems of modulation and t h e  source spec t r a ,  t h e  

effect  of i n t e r s t e l l a r  t r a v e l  on t h e  cosmic rays will be examined. 

T h e  production of low energy protons i n  i n t e r s t e l l a r  space and t h e  

i m p l i r a t i o n s  of t h e  r e l a t i v e  s p e c t r a l  shape of t h e  helium and heavier  

r l l iclei  w i l l  be given p a r t i c u l a r  a t t en t ion .  

e;timates w i l l  Le made of t h e  degree of solar modulation, t h e  energy 

deperiderice of t h e  modulation, and the  shapes o f  t h e  sourc.e s p e c t r a  

c.f t h e  primary cosmic ray components. 

From t h i s  a n a l y s i s  t e n t a t i v e  

TI Experimental Data 

In t h i s  s e c t i o n ,  we wish t o  summarize some of t h e  experimental 

dhtd which w i l - 1  be lised ir t h e  subsequent discussion.  Before proceeding 

to t h e  gerleral p r e s e n t a t i  or) of t h e  d a t a ,  experimental resu l t s  obtained 

t,y t h e  aIitlicrs which have n c t  previously been published w i l l  be b r i e f l y  

dex-:bed 5 0  thLt  they may be iricliided w%t,h o t h e r  d i f f e r e q t i a l  flux 

The expcr*lm~r)ts  j u s t  mentioned were rl p a r t  of a ccrtim1ir.g progr;in 

L)egu- i n  1961 t o  s tudy t h e  low energy g a l a c t i c  cosmic r ay  proton arid 

he; i u n i  V l J J v l e i  s p e c t r s .  

T ~ I  t.Ls series w r l e a r  emulsion d e t e c t o r s  were flown on  high 

alt: tilde bal! o o w  from Fort Churchil-L, Maqitoba a t  cei?.irig altitliciss 

L 
of betmeen 2 and 3 gm/cm of r e s idua l  atmosphere f o r  about 10 holirs. 

Tke primary emu1 j i o n  s t a c k s  were ro t a t ed  i n t o  t h e  2xposwre positi.on 

c 3 t  t h e  ha l l con  c e i l i n g  a l t i t u d e  i n  a r d e r  t o  minimize t h e  correctiorc 



t o  t h e  data for  p a r t i c l e s  c o l l e c t e d  du r ing  bal loon a scen t .  

drop s t acks ,  supplementary emulsion s t a c k s  which were r e l e a s e d  from 

t h e  balloon a t  c e i l i n g  when t h e  main s t a c k  was r o t a t e d ,  were flown 

and used t o  provide t h e  i n t e n s i t y  of  t r a c k s  c o l l e c t e d  on t h e  ground 

and during t h e  bal loon ascent .  

are shown i n  Table 1. 

I n  a d d i t i o n  

The d e t a i l s  of  t h e  bal loon f l i g h t s  

A .  Hydrogen Nuclei Data Analysis 

The emulsions, except t h o s e  from t h e  1962 f l i g h t ,  were scanned 

a t  two depths--one t o  provide d a t a  i n  t h e  energy i n t e r v a l  from about 

60 t o  80 M e V  and t h e  o the r  t o  provide d a t a  i n  t h e  range of  ene rg ie s  

from about 80 MeV t o  250 MeV. The upper l i m i t  o f  t h e  energy was s e t  

so that, p a r t i c l e s  would change g r a i n  d e n s i t y  s u f f i c i e n t l y  i n  t h e  

s t ack  t o  permit a determinat ion o f  t h e i r  d i r e c t i o n  of motion. 

general  two c o r r e c t i o n s  were app l i ed  t o  t h e  data: 

f o r  p a r t i c l e s  c o l l e c t e d  on t h e  ground and du r ing  bal loon a scen t ,  and 

( b )  a co r rec t ion  f o r  secondary p a r t i c l e s  produced i n  t h e  r e s i d u a l  

atmosphere above t h e  bal loon c e i l i n g  a l t i t u d e .  

a scen t  period an a d d i t i o n a l  c o r r e c t i o n  was r equ i r ed  f o r  t h e  1961 

f l i g h t  a s  considered i n  d e t a i l  i n  paper 1 ( F i c h t e l  e t .  a l . ,  1964a). 

I n  

( a )  a c o r r e c t i o n  

Because of an unus7,JL 

The background-ascent c o r r e c t i o n  was made i n  each c a s e  by s u b t r a c t -  

i n g  t h e  s u i t a b l y  normalized drop s t ack  spectrum from t h e  spectrum 

obtained from t h e  primary s tack.  

The c o r r e c t i o n  for production of secondary p a r t i c l e s  i n  t h e  

atmosphere was obtained by analyzing t h e  t r a c k s  which lay i n  t h e  



acceptance s o l i d  angle  a t  t h e  scan l i n e  and r e s u l t e d  from i n t e r a c t i o n s  

i n  t h e  emulsion between t h e  scan l i n e  and a l i n e  8.5 mm above t h e  scan 

l i n e .  

and those  produced i n  a i r  has been considered i n  d e t a i l  i n  paper I .  

I n  applying t h i s  c o r r e c t i o n  t o  t h e  d a t a ,  t h e  s p e c t r a l  shape of t h e  

secondary spectrum was obtained by combining t h e  secondary s p e c t r a  

from t h e  va r ious  years .  The spectrum of emulsion secondaries  which 

lay i n  our acceptance s o l i d  angle are  shown i n  Figure 1. The i n t e n s i t y  

normalizat ion f o r  a p a r t i c u l a r  year was obtained from t h e  f l u x  o f  

secondary p a r t i c l e s  f o r  t h a t  year  except i n  1962 where t h e  secondary 

p a r t i c l e s  were not measured d i r e c t l y .  

t e n s i t y  was determined by i n t e r p o l a t i n g ,  using measured alpha p a r t i c l e  

i n t e n s i t i e s  as a normalization parameter. 

p a r t i c l e  production i n  t h e  obscured edge o f  t h e  emulsion and i n  t h e  

atmosphere was made i n  two s t eps .  

eqxivalent  l a y e r  ( t h a t  i s ,  t h e  l a y e r  c o n s i s t i n g  of t h e  obscured edge 

of t h e  emulsion and an a d d i t i o n a l  amount of ove r ly ing  atmosphere which 

yiel-ds an i o n i z a t i o n  loss equivalent t o t a l i n g  8.5 mm of emulsion) was 

The r e l a t i o n  between secondary p a r t i c l e s  produced i n  emulsion 

For t h i s  l a t t e r  case t h e  i n -  

The c o r r e c t i o n  f o r  secondary 

The c o n t r i b u t i o n  from t h e  emulsion 

tal-culated from t h e  energy spectrum o f  emulsion produced secondaries  

as observed at t h e  scan l i n e .  This t y p i c a l l y  co r rec t ed  f o r  t h e  blackened 
L 

emulsion edge p l u s  about 2.2 grn/cm 

iipon t h e  amount of edge blackening i n  a p a r t i c u l a r  s tack.  

t i o n  of secondary production i n  the  remaining atmosphere, overlying 

t h e  emulsion equivalent  l a y e r ,  was made by breaking it i n t o  s e v e r a l  

o f  a i r ,  t h e  exact  amount depending 

The contyibu- 
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i n t e r v a l s .  

assumed t o  be t h a t  of t h e  emulsion secondaries  a t  t h e i r  i n t e r a c t i o n s  

as shown i n  Figure 1, and t h e  i n t e n s i t y  was normalized using t h e  observed 

i n t e n s i t y  of emulsion secondaries  w i t h  suf f ic ien t  energy t o  p e n e t r a t e  

t h e  emulsion equivalent  layer and t h e  parameters,  descr ibed i n  paper 1, 

r e l a t i n g  secondary p a r t i c l e  production i n  emulsion t o  t h a t  i n  a i r .  

I n  each i n t e r v a l  t h e  secondary product ion spectrum was 

Throughout t h e  d a t a  t h e r e  was no at tempt  t o  determine t h e  i s o t o p i c  

The deuterons and t r i t o n s  composition of  t h e  s i n g l y  charged p a r t i c l e s .  

which were i d e n t i f i e d  by i o n i z a t i o n  ve r sus  range measurements were pu t  

i n t o  t h e  energy i n t e r v a l  corresponding t o  t h e i r  energy p e r  nucleon, which 

i s  cons i s t en t  with t h e  energy i n t e r v a l s  i n t o  which u n i d e n t i f i e d  deuterons 

and t r i t o n s  would be pu t ,  s i n c e  t h e i r  energy would be determined by ion iza -  

t i o n  r a t h e r  t han  range. 

2 cm an accu ra t e  i s o t o p e  determinat ion could not  be made, and t h e s e  

p a r t i c l e s  were assigned an energy on t h e  basis  of range, assuming them 

t o  be protons. 

For p a r t i c l e s  w i th  range i n  emulsion less  than  

B. Hel ium Nuclei Data Analysis 

The helium n u c l e i  d a t a  were handled i n  a manner descr ibed i n  

d e t a i l  i n  paper 1. 

1964 f l i g h t s  t h e  emulsion s t a c k s  were o r i e n t e d  a t  90' t o  t h e  v e r t i c a l  

du r ing  the  ascent  period so t h a t  t h e  a scen t  c o r r e c t i o n  was very much 

s implif ied.  I n  t h e s e  l a t t e r  two yea r s ,  it was assumed t h a t  no alpha 

p a r t i c l e s  eu tercd  i n t o  t h e  acceptance s o l i d  ang le  during a scen t .  

The only exception t o  t h i s  i s  t h a t  i n  t h e  1963 and 

The f i n a l  s p e c t r a  f o r  hydrogen and helium n u c l e i  f o r  t h e  years 1961 

through 1964 are  t a b u l a t e d  i n  Table 11. Small changes i n  t h e  proton 



fluxes from those  published previously,  ( F i c h t e l  e t  a l . ,  l964.a, l96kb), 

r e s u l t  from t h e  new co r rec t ion  for secondary pro tons  produced i n  t h e  

atmosphere above t h e  emulsion s t ack  incorpora t ing  a l l  of t h e  d a t a  

on secondary protons produced i n  emulsion. The quoted s tandard devia- 

t i o n s  f o r  t h e  proton d a t a  inc lude  the  s t a t i s t i c a l  e r r o r s  i n  t h e  atmos- 

phe r i c  secondary co r rec t ion ,  t h e  ascent  co r rec t ion ,  and t h e  primary 

da ta .  

per iod  between 1959 and 1965 a r e  presented i n  F igures  2 and 3. 

These d a t a ,  combined wi th  those  of o t h e r  i n v e s t i g a t i o n s  for the 

111. Cosmic Ray Modulation Theories 

The problem of t h e  modulation of cosmic rays i s  one t h a t  has been 

s t u d i e d  ex tens ive ly  f o r  a considerable  per iod  of time. 

papers  which review and d i scuss  t h e  var ious models i n  some d e t a i l ,  some 

of  t h e  more r ecen t  ones being Webber (1962), Dorman (1963), Webber and 

McDonald (1964) and F i c h t e l  e t  a l . ,  (1964a). With t h e  r ecen t  d e t a i l e d  

observa t ions  i n  space of magnetic f i e l d s  (Ness e t  a l . ,  1964 and Ness and 

Wilcox, 1965, Wilcox and Ness, 1965, Davis e t  a l . ,  1966, Coleman e t  a l . ,  

1966a, b )  and plasmas (Neugebauer and Snyder, 1962, Snyder e t  a l . ,  1963, 

and Bridge e t  a l . ,  1965), t h e  solar wind theo ry  of t h e  modulation of cosmic 

r ays  seemnow t o  be on f i rm experimental  ground, whereas a l l  of t h e  o t h e r  

modulation models have se r ious  d i f f i c u l t i e s  which are d iscussed  i n  t h e  

reviews mentioned above. The s p e c i f i c  d i f f i c u l t i e s  wi th  two of  t h e  more 

f r equen t ly  d iscussed  a l t e r n a t e  models w i l l  be  presented b r i e f l y  below, 

There are several 
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TABLE I .  Balloon F l i g h t  Data 

M t  . Washington Time of 
Neutron Monitor Mean A l t i t u d e  Exposure 

Date of F l igh t  Rate g/cm2 (Sec x 104) 
~~ ~ - 

7 J u l y  1961 2 148 2.43 3.534 

2 8  J u l y  1962 2235 4.03 3.444 

15 June 1963 2320 3.12 4.032 

2 1  June 1964 239 1 2.64 3.540 
_ _  
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7 Ju ly  1961 

TABLE 11. Dif fe ren t i a l  Fluxes of Singly Charged P a r t i c l e s  

and Helium Nuclei from 1961 through 1964. 

2 8  Ju ly  1962 15 June 1963 

7 J u l y  1961 

2 Mev p / m .  sr . sec 

MeV/ p/m. 2 sr. 
Nuc Mev/nuc 

83 0.062+0.024 - 
150 0.073+0.012 

6 8 . 1  0.019+0.41 - 
120 0.25+0,13 - 
205 0.56+0.12 - 

MeV/ p/m?sr. sec MeV/ p/m?sr. sec MeV/ p/m?sr. sec 
Nuc Mev/nuc Nuc Mev/nuc Nuc Mev/nuc 

113 0.156+.031 - 108 0.232+0.040 - 109 0.298+_0.062 

200 0.213+0.032 - 200 0.257+0.043 - 175 0.340+_O0.OSS 

Singly  Charged P a r t i c l c s  

250 0.10cH_0.013 

28  Ju ly  1962. 

300 0.213+0.032 - 300 0.215+0.030 - 

~ ~ 

MeV p/mZsr. sec 

350 0.14W0.015 - 
450 0.150+_0.017 

550 0.075+0.023 - 

- - 
120 0.26+0.18 - 
205 0.4750.13 

400 0.158+0.027 - 400 0.205+0.037 300 0,36150,062 

500 0.141+0.025 500 0.17Oe0.030 - 400 0.22320.049 

- - - - 500 0.36 120.062 

15 June 1963 
- 

Mev p/m?sr . sec 

74.5 0.85k0.55 

120 0,87+0.22 - 
185 0.82+0.25 - 

H e l i u m  Nuc l e i  

2 1  June 1964 

Mev p/m?sr. see 

71.2 0.1220.86 

120 0.9420.35 

205 1.21tO. 29 

2 1  June 1964 

225 0.46kO. 100 
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b u t  t h e  m a i n  po r t ion  of t h i s  s e c t i o n  w i l l  be devoted t o  a review of tlte 

s o l a r  wind modulation theory i n  p repa ra t ion  f o r  t h e  comparison t o  t h e  

experimental d a t a  which w i l l  be developed i n  t h e  next two s e c t i o n s .  The 

s o l a r  wind modulation theory w a s  f i r s t  proposed by Parker (1958a), based 

o n  t he  t h e o r e t i c a l  p r e d i c t i o n  of t h e  gene ra l  na tu re  of t h e  i n t e r p l a n e t a r y  

magrieL il. i i c  I d  {Pnrkcx. 

i n  d e t a i l  by Parker(1963, 1965). Axford (1965), and F ib i sh  and Abraham 

(1965) . 

1951 b and c )  , and has subsequently been devcioped 

A .  AltcrnaCe Theories 

The two modulation mechanisms mentioned above which a r e  s i g n i f i c a n t l y  

d i f f e r e n t  from t h e  s o l a r  wind modulation a r e  e l e c t r i c  d e c e l e r a t i o n  and a 

dis turbed s o l a r  d ipo le .  The former w a s  f i r s t  proposed by Nagashima (1353) 

using a geocentr ic  model and l a t e r  used by Ehmert (1960 in n I I X L ~  t i i '~ '~o -  

c e n t r i c  model. This theory has subsequently been explored and conipareu 

t o  experimental d a t a  by McDonald and Webber (1959), F i c h t e l  (1961), F r e i e r  

srtd Waddington (1965a) and o t h e r s .  There are a number of ob jec t ions  t D  

t h e  e l e c t r i c  d e c e l e r a t i o n  model i n  a d d i t i o n  t o  i t s  f a i l u r e s  t o  give eri t i i-ely 

s a t i s f a c t o r y  agreement with experimental  d a t a .  These included t h e  follow;.:?g: 

t h e  e l e c t r i c a l  conduct ivi ty  i n  i n t e r p l a n e t a r y  space w i l l  almost c e r t a i n l y  

riot support t h e  necessary p o t e n t i a l ,  e l e c t r o n  d a t a  d i sag rees  w i t h  t h e  

exis tence of a l a rge  p o t e n t i a l  (For a recent  survey, see Abraham, Brunslrein, 

and Cline 1966), and t h e  d e t a i l e d  c h a r a c t e r i s t i =  of t h e  heavy n u c l e i  

argue against  a l a rge  d e c e l e r a t i o n  ( F i c h t e l  and Reames 1966). 
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The modulation of t h e  cosmic r ad ia t ion  by a s o l a r  d ipo le  was f i r s t  

proposed by Janossy (1537) and extended by E l l i o t t  (1960). 

arguments aga ins t  t h i s  theory are the disagreement between t h e  magnetic 

f i e l d  conf igura t ion  which is  required by t h e  theory and t h a t  which i s  

observe4  t h e  inco r rec t  p red ic t ion  of t h e  v a r i a t i o n  i n  i n t e n s i t y  wi th  

d i s t a n c e  from t h e  s u n ,  and t h e  d e t a i l e d  assumptions regarding s c a t t e r i n g  

i n t o  t h e  sun which are thought t o  be un l ike ly .  

The p r inc ipa l  

B .  So la r  Wind Modulation 

I n  t h e  s o l a r  wind p i c t u r e  t h e  modulation is  due t o  t h e  d i f f u s i o n  

and convect ion of p a r t i c l e s  i n  t h e  presence of s m a l l  s c a l e  i r r e g u l a r -  

i t i e s  i n  t h e  magnetic f i e l d  of t h e  outward moving i n t e r p l a n e t a r y  plasma 

(Parker  1363, 1965). The random walk of a p a r t i c l e  i n  these  s m a l l  scale 

i r r e g u l a r i t i e s  can be determined once t h e  p a t t e r n  o i  i r r c igu la r i t i e s  and 

t h e  l a r g e  s c a l e  magnetic t i e l d  has  been decided upoq. A s  mentioned 

previous ly  t h e  genera l  p i c t u r e  of  the in t e rp l aqe ta ry  magnetic f i e l d  a t  

least  i n  t h e  v i c i n i t y  of t h e  e a r t h  is  now c l e a r l y  e s t ab l i shed  a s  being 

t h e  gene ra l ly  s p i r a l  p a t t e r n  predicted by t h e  s o l a r  wind theory wi th  t h e  

superimposed i r r e g l i l a r i t i e s  expected from p l a s m a  i n s t a b i l i c i e s , ( P a r k e r  

1358b,135Cc). Althoclgh t h e  d i f fus ion  i s  not  expected t o  b e  i s o t r o p i c  

because of t h e  la rge  s c a l e  magnetic f i e l d ,  Parker  (1965) has shown t h a t ,  

even f o r  t h e  two extreme cases  of  completely iso-cropic d i f f u s i o n  and 

d i f f u s i o n  cons t ra ined  t o  l i e  aloqg the  l a r g e  scale s p i r a l  magnetic l i n e  

of  f o r c e ,  i t  is  not  p o s s i b l e  t o  d i s t ingu i sh  t h e  difEerence a t  t h e  e a r t h  
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experimentally.  

begin with t h e  i s o t r o p i c  case and then  o n l y  l a t e r  d i s c u s s  t h e  aniso- 

t r o p i c  case. 

d e c e l e r a t i o n  of t h e  cosmic ray p a r t i c l e s ,  and t h i s  effect  w i l l  be d i s -  

cilssed a t  t h e  end of t h i s  s ec t ion .  

Therefore ,  f o r  t h e  sake of s i m p l i c i t y ,  we s h a l l  

I n  t h e  s o l a r  wind modulation t h e r e  i s  a l s o  a p o s s i b l e  

Ignoring t h e  d e c e l e r a t i o n  con t r ibu t ion ,  t h e  d i f f e r e n t i a l  i n t e n s i t y  

of  p a r t i c l e s  i n  t h e  v i c i n i t y  of t h e  e a r t h  f o r  t h e  i s o t r o p i c  case be fo re  

it i s  a f f ec t ed  by t h e  e a r t h ' s  magnetic f i e l d ,  j ( i , k ) ,  i s  given by t h e  

expression (Parker ,  1963): 
00 

j ( i , k )  - , q ( i , k )  exp [ - f V(r> dr] 
re A ( R , ~ )  

g ( i , k )  i s  t h e  spectrum j u s t  o u t s i d e  t h e  s o l a r  modulation region,  i 

refers to t h e  type of p a r t i c l e  ( a f o r  helium n u c l e i  and p €or p r o t o n s ) ,  

k r e f e r s  t o  whether t h e  spectrum i s  i n  energy pe r  nucleon, E/N, o r  

rigidity, R ,  V i s  t h e  s o l a r  wind v e l o c i t y ,  i3 i s  t h e  p a r t i c l e  v e l o c i t y  

i n  terms of  t h e  speed of l i g h t ,  r i s  t h e  d i s t a n c e ,  and h i s  t h e  mean 

f r e e  path. 

I n  order t o  o b t a i n  a simpler func t ion ,  w e  s h a l l  make t h e  fol lowing 

+,FJG assumptions, which it i s  hoped w i l l  not  i n t roduce  any gross e r r o r  

and will a t  l e a s t  i nc lude  most of  t h e  models which have been proposed. 

(1) [ l / h ( ? ,  R) ] i s  a func t ion  only r and not  r ,  and (2 )  t h e  v a r i a b l e s  

r arid R a r e  separable ,  1/A 

4 

may then  be w r i t t e n  as: 

l / h  = G ( r )  H(R)  (2)  

It should be noted t h a t  t h i s  equat ion inc ludes  t h e  case  where 

2 G(r) i s  a cons t an t  and G ( r )  i s  p ropor t iona l  t o  1/r o r  l / r  

by Quenby (1966) as w e l l  as s e v e r a l  o t h e r  p o s s i b i l i t i e s .  

discussed 
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Subs t i t h t ing  eqca t ion  ( 2 )  P-nto (1) ) l e l d s  

(3 )  3 m  j ( i , k )  = Z ( i , k )  exy [-E Jr, V ( r )  C ( r ) d r  i-l(R)1 

Since the  i n t e g r a l  i s  j k s t  a constart, we have 

~ ( i , k )  ̂I g ( i , F )  t * p  [ ~ A B Q ' I  / R 1  ( 4  1 

wherc A = 3 F e  V ( r )  G ( r ) d r  (5) 

The nevt  pro'lem i s  tl-ie J e t e rmiwt t iw  cf tZle r i g i d t y  dependence 

of (1/A)3 t h a t  is the f o x t i o n  F(R). Several  d i f f e r e n t  approaches 

w i l l  be explored here; th?t;  f I r k a l l y  a c.ovparison w i l l  h e  made. For 

Parker  ( '1956) s ~ g g e s t e d  t k  f o m  

h = A, + ( 3  1 2 L  

the  t.wc,, 



- 14- 

H(R) - f 1 2 N ( A )  f(A) dA where 

f(A) = 1, f o r  l > p  and 

f(A> = [ ~ / p 1 2  f o r . 4  < p (7 )  

I n  t h i s  l a s t  s e t  of equat ions,  N ( A )  i s  the s i z e  d i s t r i b u t i o n  of 

s c a t t e r i n g  c e n t e r s .  

I n  a d d i t i o n  t o  looking a t  the r ecen t  d a t a  obtained during the  

decl ining phase of the s o l a r  c y c l e ,  it is  i n t e r e s t i n g  t o  explore t h e  

e f f e c t  of  var ious d i f f e r e n t  choices of H(R) t o  see the  importance of 

the s i z e  d i s t r i b u t i o n .  A s e r i e s  of p o s s i b l e  N ( A )  funct ions have been 

se l ec t ed ,  and some of them along wi th  the r e s u l t i n g  H(R) funct ions are 

shown i n  Table 111. The choice w a s  l imited t o  H(R) funct ions which had 

only one a d j u s t a b l e  parameter %, the  mutiple  cons t an t  being absorbed 

i n  A.  In genera1,not s e t t i n g  a lower c u t o f f  t o  the A d i s t r i b u t i o n ,  

e.g.)Ao, seemed t o  have only a very small  e f f e c t  on H(R) except f o r  

R values very c l o s e  t o  the small r i g i d i t y  corresponding t o  ao. 

A t  t h i s  p o i n t ,  it is  d e s i r a b l e  t o  consider  t h e  f a c t  t h a t  a l a r g e  

s c a l e  f i e l d  does e x i s t ,  Parker (1964) has shown t h a t  a charged p a r t i c l e  

moving along a f i e l d  w i th  small s c a l e  i r r e g u l a r i t i e s  is most e f f e c t i v e l y  

s c a t t e r e d  by i r r e g u l a r i t i e s  which have a scale s i z e  comparable t o  t h e  

r ad ius  of g y r a t i o n  of a p a r t i c l e .  P a r t i c l e s  of appreciably smaller 

r ad ius  simply follow the f i e l d  l i n e  and pass smoothly through the  

i r ~ ( > ~ ' 1 ~ l ~ f L i l , ~ 3  and p a r t i c l e s  of apprec i ab le  higher  r i g i d i t y  are only 

s l i g h t l y  d e f l e c t e d .  Thus , perhaps , i f  the  d i s t r i b u t i o n  of scatterers 
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TABLE 111. Table of Values of H(R)  f o r  Various Assumed 

S c a t t e r  Center  Size D i s t r i b u t i o n s  

Symbol 

ti 

I 

I1 

I11 

Iv 

H(R)** 

I I 
Ro* > R R C R  

0 

K ,  f o r  P L 
0, fo r  L 2 L 

* I n  t h e  above, R = BL. 

**Mult iple  cons t an t s  a r e  not  included and a r e  absorbed i n  A of equat ion (5). 
0 
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i s  reasonably smooth, a f a i r  e s t ima te  of t he  r i g i d i t y  dependence of 

f o r  t h i s  case  would be the  dependence of t he  average d i s t a n c e  be- 

tween s c a t t e r i n g  cen te r s  on p a r t i c l e  r i g i d i t y .  

Before d icuss ing  the  r e s u l t s  of a n a l y s i s  of t he  magnetic f i e l d  

da t a  r e fe r r ed  t o  e a r l i e r ,  i t  i s  perhaps worth reminding ourse lves  f i r s t  

t h a t  the present  measurements a r e  made i n  a s p a c e c r a f t  moving through 

space a t  a ve loc i ty  very small  compared t o  the  s o l a r  wind and r ep resen t  

approximately the  f i e l d  i n  the  plasma a s  i t  moves by one p o i n t  i n  

space.  N o  t r u e  experimental  p i c t u r e  of the  f i e l d  l i n e s  and t h e i r  

i r r e g u l a r i t i e s  i n  t he  s o l a r  system e x i s t s .  I n  par t icu lar ,  t he  v a r i a t i o n  

of  t he  i r r e g u l a r i t i e s  wi th  d i s t a n c e  from the  sun i s  not  known. Secondly, 

a l l  of  the measurements have been made i n  the  l a s t  s e v e r a l  years  and 

therefore  r e f l e c t  a r e l a t i v e l y  q u i e t  s o l a r  per iod .  

I n  order  t o  ob ta in  some idea of the  r e g u l a r i t y  of the  f i e l d ,  

Parker  (1965) c rea ted  p l o t s  drawn by causing a pen t o  progress  wi th  

noostant speed ac ross  the  paper ( r ep resen t ing  the  p lane  of t he  

e c l i p t i c )  i n  the d i r e c t i o n  of the  i n t e r p l a n e t a r y  f i e l d  a t  each i n s t a n t  

of  time. These p l o t s  indicated t h a t  t h e r e  is apparent ly  a continuous 

spectrum of i r r e g u l a r i t i e s  of a l l  s c a l e s  decreas ing  i n  number wi th  

ipcreas ing  s i z e  from the sma l l e s t  observable  (-1.2 x 10 km) up a t  

l e a s t  t o  a dimension corresponding t o  the  r ad ius  of curva ture  of a 

p a r t i c l e  of s e v e r a l  t ens  of B V / o .  The d i s t r i b u t i o n  of s c a t t e r i n g  s i z e s  

appeared t o  be wel l  w i th in  the  range of those given i n  Table 111. 

5 
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I n  o rde r  t o  make a more q u a n t i t a t i v e  e s t ima te  of t he  d i s t r i b u t i o n  

of t h e  magnetic i r r e g u l a r i t i e s ,  Jokippi  (1966) has used the power 

spectrum a n a l y s i s  made by Coleman (1966) on the  Mariner I1 magnetic f i e l d  

da t a .  He found t h a t  the s c a t t e r i n g  w a s  p r imar i ly  due t o  i r r e g u l a r i t i e s  

wi th  s c a l e  s i z e s  which a r e  of t he  o r d e r  of the r a d i u s  of curva ture  of 

t he  p a r t i c l e  i n  the  magnetic f i e l d .  Fur ther  from h i s  a n a l y s i s ,  Gloecklcr  

and Jok ipp i  (1966) have shown t h a t  the d i f f u s i o n  c o e f f i c i e n t  desc r ib ing  

the  motion of the  cosmic ray6 during the  period of low s o l a r  a c t i v i t y  

(1964 - 1965) i s  p ropor t iona l  t o  BR i n  the  region of i n t e r e s t  and t h a t  

the  d i f f u s i o n  c o e f f i c i e n t  along the f i e l d  i s  very much g r e a t e r  than 

ac ross  i t .  Parkcr(1965) has a l ready shown t h a t  i n  t h i s  case ,  i .e. ,  

d i f f u s i o n  pr imar i ly  a long a f i e l d  l i n e ,  the  modulation equat ion is 

e s s e n t i a l l y  i d e n t i c a l  i n  form t o  equat ion (4) except t h a t  now A is  

a more complicated func t ion  involving the  v e l o c i t y  of r o t a t i o n  of the 

sun and the s o l a r  wind ve loc i ty .  Hence, f o r  t he  p r e s e n t  equat ion  (4) 

can s t i l l  be used wi th  H propor t iona l  t o  R. We s h a l l  then come back 

l a t e r  t o  the  ques t ion  of whether o r  no t  t he  q u a n t i t a t i v e  va lues  d e t e r -  

mined f o r  A a r e  reasonable.  

So f a r  the problem of energy loss has not been discussed.  Parker  

(1965) has shown t h a t  the  cosmic ray p a r t i c l e s  l o s e  a s i g n i f i c a n t  

amount of t h e i r  energy t o  the  expanding i n t e r p l a n e t a r y  f i e l d s .  The 

amount of energy loss is a funct ion of t he  i n i t i a l  energy and i n  the  

i s o t r o p i c  d i f f u s i o n  case  on the parameter ro V/K, where K is the  
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d i f f u s i o n  c o e f r i c i e n t  and except f o r  s i g n  is  the q u a n t i t y  i n  square 

b racke t s  i n  equation 1. The energy loss equat ion is solved only f o r  

l a r g e  values of r o V / K ,  and roV/K=O and i s  i n t e r p o l a t e d  i n  beiween 

It is  a percentage of the t o t a l  energy f o r  a f ixed roV/K and depends 

somewhat on p a r t i c l e  v e l o c i t y ,  i n  a d d i t i o n  t o  the v e l o c i t y  dependence 

i n  K ,  being a g r e a t e r  percentage f o r  n o n - r e l a t i v i s t i c  p a r t i c l e s ,  

Figure 6 of Parker (1965) shows the degree of t h e  e f f e c t  as a 

€unction of r o V / K .  

have 

and i t s  importance w i l l  be given i n  the a n a l y s i s  of t h e  experimental  

da t a  (pa r t  V I ) .  

To see roV/K i n  the  symbols being used h e r e ,  w e  

(r,V/K) = 3roV/Bh = AH(R)/B. A f u r t h e r  d i scuss ion  of d e c e l e r a t i o n  

It has been noted (esg.,Webber and McDonald, 1964)j t h a t  the 

neutron monitor da ta  suggests  t h a t  the modulation a t  high r i g i d i t i e s  

(5  t o  50 BV/c) i s  not  w e l l  represented by the  mean f r e e  pa th  between 

c.oll isions being p ropor t iona l  t o  t h e  square of the r i g i d i t y ,  as would 

be suggested by the high r i g i d i t y  p o r t i o n  of some of the modulation 

J-clr,ctions d i s c u s s e d  he re ,  b u t  a c t u a l l y  has a less $ t rong dependence 

('1: r q j d i t y .  The a n a l y s i s  of Manzano and WincLler(l965), f o r  example, 

suggests t h a t  h would be p ropor t iona l  t o  R I V E .  There may, however, 

not be a discrepancy between the  b a s i c  phys i ca l  theory and experi-  
I 

I mental da t a ,  b u t  only an u n j u s t i f i e d  mathematical approximation i n  

t h i s  range. 

wherein each d e f l e c t i o n  of a very l a r g e  number is p ropor t iona l  t o  R. 

The R2 dependence r e s u l t s  from a random walk c a l c u l a t i o n  

I 
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I f  t he  number of s i g n i f i c a n t  de f l ec t ions  is small ,  a s  i t  may be as 

one approaches high r i g i d i t y ,  then, an R2 dependence wotild not be 

expected, b u t  a l e s s  s t rong  dependence somewhere between R and R2.  

Fu r the r  t he  R 2 dependence occurs only i n  the case of i s o t r o p i c  s c a t -  

t e r i n g  centelsand an R dependence occurs i n  the case  of  an i s o t r o p i c  

d i f f u s i o n  along a f i e l d  l i n e ,  a s  we have mentioned. 

I V .  Comparison of Experimental Data t o  the  S o l a r  Wind Theory 

Without any R e s t r i c t i o n s  on the Spectra  Outside of the 

So la r  System 

I n  t h i s  s e c t i o n  w e  s h a l l  discuss  the  approach t o  modulatior, which 

is  i n  prizrciple the mcst a t t r a c t i v e ;  t h a t  i s , a n  a n a l y s i s  w i l l  be made 

of what can be l e a r n e d  without any assumptions being nade abovt t h e  

spez t run  ou t s ide  the  s o l a r  system. Examining equat ion ( 5 ) .  i t  cap be 

seen t h a t  t h i s  approach implies the e l i m i n a t i o n  of g ( i , k )  i n  sane 

manner. I f  j ( i , k )  i s  measured a t  two d i f f e r e n t  t i m e s ,  t he  expression 

f o r  j ( i , k )  a t  one time can be divided by t h a t  a t  another .  Performing 

t h i s  ope ra t ion  and taking the  logarithm of the  r e s u l t i n g  expression 

y i e l d s :  
1 

1.1 {j ( i ,k , t l  ) / 1 ( i )(K t 2 )] -: $ 4 t ) F (R , 9, ( t 2  ) )-A t l )  H( R ,Ro ( , \, $8’ 

Since i n  the model proposed e a r l i e r  oqly A and Ro may vary,  a I-leans 

of obtaini?g A and Ro  a s  a function of time e x i s t s  i n  p r i c c i p l e  s i m e  

the re  a r e  four values A ( t l ) ,  A(t2),  Ro(t1) and Ro(t2) €or a g i v e -  

funct ion H(R,R,), and the r a t i o  j ( i , k , t 1 ) / j ( i , k , t 2 )  c a n  be e v a l l a t e d  
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over  R. Fu r the r ,  t he  r a t i o  can be  examined f o r  d i f f e r e n t  spec ie s .  I n  

f a c t  the l i m i t e d  d a t a  and l a r g e  e r r o r s  make t h i s  procedure very d i f f i c u l t ,  

and f u l l  of p i t f a l l s  r e s u l t i n g  from ambigui t ies  c o n s i s t i n g  of several 

p o s s i b i l e  i n t e r p r e t a t i o n s  depending on the  assumptions r e l a t e d  t o  H ( R , R o , t ) .  

Using t h i s  approach, Gloeckler and Jok ipp i  (1966) have shown t h a t  

t h e r e  i s  a r e l a t i v e l y  s t r o n g  r i g i d i t y  dependence f o r  t he  period from 

December 1963 t o  September 1965,kin the energy i n t e r v a l  from 20 t o  90 

MeV/nucleon both on the b a s i s  of t he  r e l a t i v e  v a r i a t i o n s  of the p ro ton  

and helium f luxes and on the  v a r i a t i o n  of the d i f f e r e n t i a l  helium 

f l u x  as a func t ion  of energy. 

I n  t h e i r  work they showed t h a t  H Z 4  leads t o  s a t i s f a c t o r y  agree- 

ment with the d a t a  f o r  both the changes from (December 1963 - May 1964) 

t o  (October - November 1964) and from (October - November 1964) t o  

(June - September 1965). 

Lhat an expression of t he  form of G'on t a b l e  I agrees  with t h e  d a t a  

as w e l l ,  a s  do s e v e r a l  o t h e r  r ep resen ta t ions  f o r  H. S p e c i f i c a l l y ,  

using the work developed l a t e r  as a guide t o  the  numerical values ,  it 

w a s  found t h a t  agreement could be  obtained i f  Ro changed from 0.85 

BV/c fo r  December 1963 - May 1964 t o  O.GBV/B f o r  Octobes - November 

1964 while A remained about 0.6. 

However, a n  a n a l y s i s  of the same d a t a  shows 

Si lberberg (1966) has used t h i s  approach t o  explore  the  d a t a  

obtained during the period 1959 through 1964. H e  concludes t h a t  t h e  

da t a  can be f i t t e d  by H equal  t o  a cons t an t  below some r i g i d i t y  and 
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and H propor t iona l  t o  I&-1 above, where the  t r a n s i t i o n  r i g i d i t y  can 

vary wi th  time. The d a t a ,  however, a l s o  agree with o t h e r  func t ions ;  

f o r  example, t he  express ion  H = ( 1  + (R/Ro)2) w i l l  a l s o  s a t i s f y  the 

da t a  (e.g., F i c h t e l  e t  a l ,  1965). 

-1 

I n  genera l ,  the  l imi ted  da ta  ava i l ab le  do not r e a l l y  permit very 

f u l l  use of t h i s  approach during the years  1959 t o  1963, and, even f o r  

t he  more accura te  d a t a  obtained i n  1964 and 1965, the i n t e r p r e t a t i o n  

i s  ambiguous. 

V. Comparison of t he  Experimental Data with So la r  Wind Theory 

wi th  R e s t r i c t i o n s  on the  Spectra Outside the  So la r  System 

I n  t h i s  s e c t i o n  a number of approaches w i l l  be considered,  F i r s t l y ,  

i t  w i l l  be assumed t h a t  t he  source s p e c t r a  of the  protons,  helium n u c l e i ,  

and heavy n u c l e i  a r e  the  same. It w i l l  be seen t h a t  t h i s  assumption 

leads  t o  apparent ly  i r r e c o n c i l a b l e  con t r ad ic t ions .  The treatment of 

i n t e r s t e l l a r  t r a v e l  and secondary product ion w i l l  a l s o  be presented 

and developed a s  necessary.  Next, the  assumption t h a t  the  proton 

spectrum is the  same w i l l  be abandoned, bu t  t h e  assumption t h a t  the  

s p e c t r a  of mul t ip ly  charged nuc le i  a t  the source a r e  the  same i n  shape 

w i l l  be r e t a ined .  This i s  a n o t  unreasonable assumption s ince  the 

protons have a d i f f e r e n t  charge t o  mass r a t i o  from the  remaining n u c l e i ,  

The j u s t i f i c a t i o n s  f o r  t h i s  assumption a r e  t r ea t ed  i n  more d e t a i l  by 

F i c h t e l  and Reames (1966), though i t  is perhaps p a r t i c u l a r l y  worth 

not ing  t h a t  s o l a r  cosmic rays appear t o  have t h i s  proper ty  of s i m i l a r  
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s p e c t r a  fcr ~ 1 1  bu t  t he  proton component (See f o r  example B i s w a s  and 

F i C h t F ’ ?  , 1965)  

A .  Simi la r  Source Spectra  

Before proceeding, the p a r t i c u l a r  approach t o  be used w i l l  be 

discussed more exac t ly .  It w i l l  be assumed t h a t  e s s e n t i a l l y  nothing 

4s kcuwn about the p a r t i c u l a r  shape of the source spectrum ou t s ide  of 

the s c l r r  system. Now, if only one type of p a r t i c l e ,  f o r  example the  

p ro toc ,  i s  considered, a wide c l a s s  of modulation funct ions would be 

p e r n i t t e d  s i n c e  each could generate  a p o t e n t i a l  source spectrum. 

The approach here w i l l  be t o  assutne t h a t  the source spectrum of the 

plrotons and the helium n u c l e i  a r e  the same i n  energy/nucleon o r  i n  

r ig tc i i ty  except f o r  a normalization cons t an t .  The c o n s t r a i n t s  a r e  Lhen 

f a i r l y  severs.  

The problem w i l l  f i r s t  be at tacked consider ing only the e f f e c t s  

n E  ece rgy  loss due  t o  i o n i z a t i o n  i n  i n t e r s t e l l a r  space i n  order  t o  

siii13pIify the problem and make the s i g n i f i c a n c e  of the r e s u l t  c l e a r .  

Tlle e f f e c t s  of fragmentation and low energy secondary proton produc- 

c ion w i l l  then a l s o  be considered i n  the next subsect ion t o  show t h e i r  

e f f e c t .  

Let- u s  f i r s t  look a t  t h e  case of  t he  i d e n t i c a l  energy/nucleon 

s p e c t r a  a t  the source except f o r  the normalization cons t an t  C. The 

energy/rucLeon s p e c t r a  j u s t  ou t s ide  t h e  s o l a r  system”g(i,E/N) w i l l  

a l s o  have the same form because the ra te  of energy l o s s  i n  terms of 

I _  
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of energy/nucleon i s  t h e  same fo r  protons and helium n u c l e i  a t  a .  given 

energy/nucleon. Hence, from ( b ) ,  

j(p,E/N) = g (E /W exp (-(-1/p) ~ A N R  ,R X) 
j ( ~ , E / N )  = 1 g 

P O  

exp [ - ~ / p )  LAH(E~,R~)I~ 

I n  1963 t h e r e  were s e v e r a l  measurements of t h e  proton and helium 

n u c l e i  energy s p e c t r a ,  and w e  s h a l l  use  t h e s e  d a t a  f o r  t h e  d iscuss ion  

here ,  a l though d a t a  from other  years  would l e a d  t o  conclusions,  which 

a r e  v i r t u a l l y  i d e n t i c a l .  From these  d a t a ,  presentedI+ia Fi'gdres 2 and 

3 it is p o s s i b l e  t o  s e e  i f  t h e  t h e o r e t i c a l  p i c t u r e  w i l l  agree  wi th  the 

experimental  d a t a  f o r  any of t he  A func t ions  chosen. It was found 

t h a t  a f i t  t o  t h e  proton t o  helium r a t i o  could be obtained as shown i n  

Figure 4 f o r  a l l  bu t  one of t h e  forms of H(R) given i n  Table  111, 

s p e c i f i c a l l y  G ,  11, 111, and IV. Figure 5 shows t h e  unmodulated s p e c t r a  

which r e s u l t  from t h i s  a n a l y s i s  and a l s o  t h e  s p e c t r a  a f t e r  extrapola-  

t i o n  through m a t e r i a l  back t o  t h e  source. 

- 

They a r e  seen t o  b e  very  

s t e e p  spec t r a  and would c o n s t i t u t e  a very  l a r g e  f lux  and energy d e n s i t y  

f o r  cosmic rays ;  l a r g e r  than magnetic f i e l d  energy d e n s i t y  i n  t h e  galaxy, 

f o r  example, 

and s o l a r  m a x i m u m ,  us ing t h e  ummodulated spectrum der ived  from t h e  1963 

d a t a  and ad jus t ing  t h e  parameters A and R i n  t h e  modulation func t ions .  

However, we s h a l l  no t  show t h e s e  i n  a f i g u r e  here  due t o  t h e  improb- 

a b i l i t y  of any of t h e s e  source spec t ra  being c o r r e c t ,  s i n c e  i n  addi-  

t i o n  t o  t h e  ob jec t ion  j u s t  mentioned t o  t h i s  type  

Reasonable f i t s  can be obtained f o r  1961, 1962, 1964, 

0 
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of source s p e c t r a  t h e r e  i s  a s t rong  argument a g a i n s t  helium n u c l e i  

having t h i s  s t e e p  of a low energy spectrum based on a n a l y s i s  of t h e  

i n t e r s t e l l a r  t r a v e l  of helium and heavy n u c l e i  ( F i c h t e l  and Reames, 

1965 ) . 
Balasubrahmanyan e t  31. (1965) have shown t h a t ,  i f  it i s  

assumed t h a t  t h e  proton and helium energy/nucleon s p e c t r a  a t  t h e  

same a t  low ene rg ie s  only,  then wi th  a proton t o  helium r a t i o  of 

f i v e  reasonable agreement can be  obtained wi th  t h e  experimental 

d a t a  f o r  a r e l a t i v e l y  f l a t  source spectrum and a modulation 

funct ion wherein H of equation ( 2 )  i s  a constant .  

of course,  imp l i e s  d i f f e r e n t  source s p e c t r a  i n  o rde r  t o  accou.nt 

This a n a l y s i s ,  

f o r  t he  f i f t e e n  t o  one proton t o  helium n u c l e i  r a t i o  a t  high energies .  

The case of poss ib ly  d i f f e r e n t  source s p e c t r a  i s  analyzed i n  

section. V. C. 

The second s i m i l a r  spec t r a  assumption t o  be explored i s  t h a t  

t h e  protons and helium n u c l e i  have s imilar  r i g i d i t y  s p e c t r a  a t  

t h e  source. Here, t h e  problem i s  not q u i t e  so  s t r a igh t fo rward  

because t h e  p a r t i c l e s  l o s e  d i f f e r e n t  amounts of r i g i d i t y  wh i l e  

t r a v e r s i n g  t h e  same amount of i n t e r s t e l l a r  ma te r i a l .  To ob ta in  

an expression s imilar  t o  equation (9), l e t  u s  proceed as follows: 

The source spectrum j ( i , R . )  i s  r e l a t e d  t o  t h e  l o c a l  but  s 1  
unmodulated spectrum j ( i , R  . )  = j (i,RSi) -- L L1 5 (10) 
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Let jE(i,REi) r ep resen t  the modulated spectrum observed a t  the  

e a r t h ,  bu t  unaffected by any e a r t h  f i e l d  e f f e c t s .  

t h e r e  is  no change i n  r i g i d i t y  during t h i s  phase,  Then, 

REi = RLi s i n c e  

The assumption t h a t  t h e  source r i g i d i t y  s p e c t r a  are i d e n t i c a l  i n  

shape gives:  

KjS(ay RSa) = j s ( P , R s p )  (12) 

Choose R 

i = p by equat ion (11) f o r  i = a t o  obtain:  

= R s~ and hence AR 
SP SP 

= AR,,, and d i v i d e  equat ion (11) f o r  

Assuming the value of i n t e r s t e l l a r  matter t r ave r sed  taken from o t h e r  

work, i t  i s  then p o s s i b l e  t o  determine e x a c t l y  REp, Rm, LIRECy,  RE^, 
PEP,  and BEa f o r  a given Rsp(=Rs,) and then proceed as before.  

Figure 6 shows the agreement between t h e  proton t o  helium n u c l e i  

f l u x  r a t i o s  measured i n  1963 and the values  predicted by equat ion (13) 

f o r  t he  H(R) funct ions which g ive  agreement wi th  the  d a t a  and a n  i n t e r -  

s t e l l a r  pa th  length of 2 . 5  g/cm . 
of t h e  proton r i g i d i t y  a t  the e a r t h ,  Figure 7 then shows the  source 

r i g i d i t y  spec t r a  f o r  some of t hese  values of Y ( R ) ,  and a l s o  shows t h e  

agreement between the t h e o r e t i c a l l y  p red ic t ed  modulated s p e c t r a  f o r  

% and C = 6.5 as a n  example, and data obtained i n  o t h e r  yea r s ,  It 

is seen t h a t  good agreement as obtained, except  f o r  t he  inc rease  i n  

2 The r e s u l t s  are p l o t t e d  as a func t ion  
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t he  hklium n u c l e i  a t  very low r i g i d i t y  i n  1965, and a gene ra l ly  poor 

f i t  a t  t he  lowest r i g i d i t y  po in t .  

B. S imi l a r  Source Spectra  and I n t e r s t e l l a r  I n t e r a c t i o n s  

I n  t h e  previous subsect ion,  the e f f e c t  on energy l o s s  by ioniza-  

t i o n  was considered, bu t  the e f f e c t  of fragmentation and secondary 

production was ignored. The e f f e c t  of fragmentation has been considered 

i n  d e t a i l  by F i c h t e l  and Reames (1966) f o r  p a r t i c l e s  w i t h  charges of 

two or more. The equations can be used h e r e  d i r e c t l y ,  and the r e s u l t s  

extended t o  s i n g l y  charged p a r t i c l e s ,  The f i n a l  equat ion they o b t a i n  

which w i l l  be of use t o  us he re  is:  

where x is  the p o s i t i o n  along the p a r t i c l e  pa th ,  wi = (dE/dx)i, i 

r e f e r s  t o  the p a r t i c u l a r  nuclear  spec ie s ,  j i  is  the d i f f e r e n t i a l  d i r e c -  

t i o n a l  i n t e n s i t y  per  u n i t  energylnucleon, Ai is the  l o s s  mean f r e e  

path,  and Si is  the  source term. hi  is related t o  the  i n t e r a c t i o n  

mean f r e e  path,  h i ,  by the equat ion 

where Y i i  i s  t he  average number of p a r t i c l e s  of type i formed i n  the 

i n t e r a c t i o n  of a type i nucleus. Si is  g iven  by the r e l a t i o n  

Si(E,x) = ck> i  jk (E,x)/Aki(E) (16) 

where I \ k i  i s  t he  mean f r e e  pa th  f o r  product ion of i- type p a r t i c l e s  

from k-type p a r t i c l e s .  I n  the above fragmentation equat ions,  i t  is  

always assumed t h a t  t h e  parent  and daughter n u c l e i  have the same 
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energy/nucleon. 

For the case of cosmic ray protons there  is another  important c l a s s  

of i n t e r a c t i o n s ,  those which lead to  l o w  energy protons whose energ ies  

a r e  t y p i c a l l y  small  compared t o  t h e  primary. 

protons has been considered i n  d e t a i l  by F e i t  and Milford (1965). 

t he  e l a s t i c  and i n e l a s t i c  c r o s s  sec t ions  have been computed using the  

method descr ibed by these au tho r s ,  

The production of secondary 

Both 

To include the production of low energy secondary p a r t i c l e s ,  

equa t ion  14 may be used d i r e c t l y ,  but equat ion  16 must be modified t o  

include the e f f e c t .  Hence, the  expression f o r  S which includes both 

the e f f e c t s  is: 
0 0 * 

Si(E,x) = C K . ~  jk(E,x)/Aki(E) -+ xl$if jk(E,X)/&i(E , E )  dE 
(17) 

where l/e(E' , E )  is  the  i n t e r a c t i o n  mean f r e e  pa th  f o r  the  product ion 

of i - t ype  nuc le i  of energy E i n  dE from k-type n u c l e i  of energy E' i n  

d E ' .  The l i m i t e d  data a v a i l a b l e  makes it reasonable t o  rep lace  the  

i n t e g r a l  by a sum. 

c ross  sec t ions  and t h e  b e l i e f  t h a t  o the r  con t r ibu t ions  are small, only 

the product ion of low energy protons by helium n u c l e i  and protons was 

considered,  

t a b l e  I V  a r e  the fragmentation parameters which are those determined 

by Badhwar and Daniel (1963) f o r  t h e  c a l c u l a t i o n  of i n t e r e s t  h e r e ,  

Fur ther ,  because of t h e  lack of information on 

The values  used are given i n  t a b l e  IV. Also given i n  

The p a r t i c l e s  have been placed i n  th ree  groups, p ro tons ,  helium 

n u c l e i ,  and (Z 2 3) nuc le i  f o r  the determinat ion of t h e  f i n a l  proton 
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10 - 90 90 - 250 

0.00012 0.000078 

0.00019 0.000054 

TABLE IV. 

250 - 500 

O.OOOOb8 

0.000032 

250 3 1000 

> 1000 

Average number of secondary protons produced wi th in  a one M e V  i n t e r v a l  

i n  the  k i n e t i c  energy range AT f o r  a t y p i c a l  primary proton iv the 

range AE per  g/crn2 of i n t e r s t e l l a r  t r a v e l .  
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spectra.  The c a l c u l a t i o n s  f o r  helium s p e c t r a  were performed i n  the 

niagner descr ibed by F i c h t e l  and Reames (1966) using f i v e  groups, helium, 

(3sZS5) (65;259), ( lOsZsl9),  and (2220) n u c l e i ,  and the fragmentation 

parameters used i n  t h a t  paper. 

The r e s u l t s  of t he  above c a l c u l a t i o n  f o r  protons and helium nuc le i  

art. shown i n  f i g u r e s  8a and 8b f o r  three d i f f e r e n t  source s p e c t r a l  

shapes both wi th  and without t he  low energy secondary c o r r e c t i o n .  The 

i-u i?.owi.n.g conclusions can be drawn: 

1. The fragmentation co r rec t ion  a lone  i n  i n t e r s t e l l a r  space has 

a r x g l i g i b l e  e f f e c t  on the r a t i o  of the proton t o  helium n u c l e i  as  a 

fiic;ccion of energy a f t e r  passage through 2.8g/cm 2 of ma te r i a l .  

2 ,  The l o w  energy secondary proton c o r r e c t i o n  has t h e  e f f e c t  

e2hancicg the  proton t o  helium nuclei  r a t i o  a t  low ene rg ie s ,  h u t  tkis 

effect is  s i g n i f i c a n t  only f o r  r e l a t i v e l y  f l a t  source s p e c t r a  such 

ais t h a t  shown i n  f igu re  8a. (Presumably, i f  the low energy helium nuc'.ei 

:;c?cxdCary production were included t h i s  r a t i o  would not b e  enhsncec! 

g r e a t l y ;  however, although t h i s  e f f e c t  cannot be calcul.ated ac.ccrsteiy 

i t -  appears t h a t  i t  should be such tha t  t he  low energy heli-urn nccle: 

a re  enhanced by a l e s s e r  percentage than the  protons from the nacure 

c:,f t Y 3 . e  i n t e r a c t i o n s  and the f a c t  t ha t  i n t e r s t e l l a r  n u c l e i  c.onsistl 

p r imar i ly  of protons.) 

We can see immediately now t h a t  t he  resul t  of includFng t h e  e-EI.r:;:t 

of i n t e r a c t i o n s  ' in  i n t e r s t e l l a r  space i n  t h e  cons ide ra t ion  of  t h e  c 

of s imi la r  source s p e c t r a  is  t o  r equ i r e  even s t e e p e r  source s p c t r a  
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t h a n  those In VA. 

(9) tJeccrws a func t ion  of energy arid I; always aqcral t o  o r  g r e a t e r  t h a n  

This l a s t  statement i s  t r u e  because now C i n  eqa:ition 

tr,e vn iue  used formerly,  having a tender,cy t o  i n c r e a s e  towards lowel- 

e:;t.rgl e ~ .  
-_ 

Therefore,  t h e  observea s p e c t r a  must ha.ie been modulated 

mor? s t rongly.  However, n o t i c e  a l s o  t h a t  Aince t h e  s o w c e  s p e c t r a  

de?ived i n  VA were a l r e a d y  ve ry  s t e e p  t h e  c a l c u l a t i o n s  above show 

t h a t  the e f f e c t  i s  r e a l l y  q u i t e  small. Xie:!ce, t h e  primary conclusion 

of this subsect ion I s  t h a t ,  i nc lud ing  t h e  low energy i n t e r s t e l l a r  

secondary e f f e c t ,  ha:; essent ia l ly  no e f f e c t  G ~ I  t h e  r e s a l t  of sub- 

:-c:::Lim VA, namely t h a t  i f  t h e  scurce spec t r a  are  similar t h e y  a re  

C.  R e s t r i c t e d  Hei. '_rcm Spectrim 

Another apprcacn t o  t h e  problem of t r y i n g  t o  f i n d  a sol.Jtion t o  

t i i f ,  modulatior: problem i s  t o  abandon t h e  r e s t r i c t i o n  t h a t  t h e  protons 

Fichti.1 and Reames (1966). 

r*elat.ike abilndance as  a func t ion  of energy obSCX'Ved a t  t h e  e a r t h  

Using t h i s  approach, t h e y  fourid t h a t  t h e  
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demand t h a t  t h e  source spectrum of  t h e  helium and heavier  n u c l e i  must 

be q u i t e  f l a t  a t  t h e  source i f  t h e y  a re  t o  be t h e  same. 

ar ises  p r i n c i p a l l y  from t h e  amount o f  L i ,  Be, B, and He determining 

t h e  amount of matter t r a v e r s e d  by the n u c l e i ,  and t h e  near  e q u a l i t y  

of t h e  r e l a t i v e  abundance a t  low energies  and high energies .  

cosmic ray spectrum observed i n  1965 sets a lower l i m i t  f o r  t h e  s p e c t r a l  

flux a t  low energies;  so t h e  spectrum a t  t h e  source f o r  helium and 

heavier  n u c l e i  i s  def ined w i t h i n  reasonably narrow l i m i t s .  

s p e c t r a l  form 

T h i s  conclusion 

3 

The maximum 

The source 

CY - dJ = Ak/WN 
dE 

i s  i n  agreement with t h e s e  c o n s t r a i n t s .  

nucleon, A i s  a constant  f o r  a given nuc lea r  spec ie s ,  and (r i s  a 

cons t an t  i n  t h e  range of 2.5 t o  2.7. 

2 e x t r a p o l a t i n g  it through 2.8 g/cm 

manner descr ibed by F i c h t e l  and Reames (1966), a spectrum i s  obtained 

r ep resen t ing  t h e  spectrum ou t s ide  of t h e  s o l a r  system i n  t h e  same 

manner descr ibed previously.  

t o  t h i s  spectrum. 

assumptions implied i n  equation 4, it i s  p o s s i b l e  t o  o b t a i n  agreement 

between t h e  curves ca l cu la t ed  i n  t h i s  manner and t h e  experimental  

helium n u c l e i  da t a .  

va lue  of  A and Ro of  equation 9: b&ng 15ndic'aI;ed. It i s  a l s o  p o s s i b l e  

t o  o b t a i n  agreement with t h e  experimental d a t a  f o r  forms I, 11, 111, 

Here, W i s  t h e  t o t a l  energy/ N 

k 
S t a r t i n g  wi th  t h i s  spectrum and 

of i n t e r s t e l l a r  space, i n  t h e  

The modulating func t ion  can then  be app l i ed  

Using form G f o r  a ( R )  from t a b l e  I11 with t h e  

These are shown i n  f i g u r e s  9a and 9b with t h e  
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and I V  for H(R)  as given i n  t a b l e  III. Hence, a t  l e a s t  w i t h i n  the 

l i m i t s  o f  v a r i a t i o n  implied by t h e s e  forms t h e  r e s u l t  seems t o  be 

iy?aensit ive t o  t h e  type of d i s t r i b u t i o n  of  s c a t t e r i n g  s i z e s  chosen. 

Having now determined t h e  modulation func t ion ,  it i s  p o s s i b l e  

t o  apply it b g e t h e r  with t h e  e x i s t i n g  pro ton  d a t a  t o  ob ta in  a n  un- 

modulated proton spectrum o u t s i d e  of  t h e  s o l a r  system. Th l s  procedurt. 

w<is frJilowed u s i r g  t h e  proton d a t a  from 1963, s h c m  i n  f i g u r e  2 ,  and +,he 

mnd7.l J +  i ' i i -  parAmeters de+.prmined from t h e  helium dat,,.. 

determined ir l  tki s manner W ~ L S  t hen  modulated using t h e  modula+,? on 

p;irdrrlc~tPi-s for t h e  years  1965, 1963, 1-961, a rd  1959 det,erm.j Tied fron 

+he Yit~lilm ruc1t:j data t o  dctermiiie if t h e  approjch is ci)uLsj :- w t ,  

F igu re  I C ,  exc e p t  f o r  t h e  1959 d a t a ,  shows t h a t  it j 5. A somewhat 

bLt+,c: fit, tl, the prototi d a t a  iu 1959 can be obtG.in<ld using a h i g h e r  

' ~ a l ~ z  of A and a lower value of R 3 bLz t h e  f i t  t o  t h e  he!;i,ri d<-t:. 

i s  less s & t i s f d . c ~ o r y .  

b t  a 5erioL,s o 'cjection t o  this p a r t i c u l a r  approach due t o  t h P  1 d r . g ~  

,r, c;. tdii~ty ; n t h t  y v t o n  da:a p i n t s  r 'e- : i i l t l r iq  from the: reici+,Lveiy 

Thp spectriim 

o 

A t  t h i i  t ime, t h i s  d i f f i c J l t y  ::, rot. thought, t o  

B r i b o v m  Lhc rictcctor OY, iLiesc: : ~ J l o o  

1 1 ,  r rnp.~cd I,( 1 , i l e r  f l i g h t s  c i r i d  t h e  3'i,rung p o s s i o i l i t y  o f  0 1 . 2 ~  
. I  

T 1 ar.;mi 2';ion of t h e  lot: energy p r o h r i s  through t h e  P a r t  h '  F 

i 'i ~'1 d d t  the l o c a t i o n  of  t h i s  f l i g h t  ( I n t e r n a t i o n a l  Fci71 

r c imp  , -*cd to th t?  l a t e r  f l i g h t s  a t  F o r t  Chiirchill . Th; 5 lasl. p o i n t  I L -  

fel+, tc be pa l* t i cu la r ly  s i g v i f i c a n t .  

If' t h e  assumpticns of t h i s  approach are c o r r e y t ,  t ken ,  t k c  - e o u l t s  

wcjrdd ind icd te  t h a t ,  i f  t h e  h i  gber crlergy d a t a  ( 5  t,o 50 EeV/nl:?leci; ' i  
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a re  c o r r e c t ,  t h e  proton and helium nuclei  have s i g n i f i c a n t l y  d i f f e r m t  

spec t r a .  

Th i s  der ived proton spectrum can now be ex t r apo la t ed  back t o  

t h e  source using t h e  techniques discussed ear l ie r .  Including both 

t h e  e f f e c t s  o f  fragmentation and low energy secondary production, 

t h e  spectrum shown i n  f i g u r e  11 i s  obtained along with t h e  assumed 

spectrum f o r  helium nuc le i .  Th i s  f i g u r e  shows t h a t  t h e  proton t o  

helium r a t i o  a t  t h e  source would be about 5 a t  a f e w  hundred MeV/ 

nucleon compared t o  about 15 t o  20 a t  ve ry  high energies/nucleon. 

D.  Value of t h e  Modulation Coef f i c i en t  

It i s  now p o s s i b l e  t o  consider  whether or not  t h e  experimental 

va lue  obtained f o r  A of  equat ions (4) and (5)  i s  reasonable  i n  terms 

of what i s  known about t h e  parameters involved i n  A .  The exact  func t ion  

f o r  A depends on t h e  p a r t i c u l a r  model chosen, so it w i l l  be necessary 

t o  make some s p e c i f i c  choices.  Beginning wi th  t h e  s imples t '  case,  

if w e  assume G ( r )  of  equation ( 2 )  i s  a cons t an t ,  G o ,  u n t i l  some 

r a d i u s  r and zero t h e r e a f t e r ,  equation ( 5 )  g ives  
0 

A = 3'J G 0 ( r o - r e )  ( 1 9 )  

A s  was seen above, A i s  approximately equal t o  0.5 t o  I C ,  where 

c i s  t h e  v e l o c i t y  of l i g h t ,  and V i s  approximately 400 Km/sec. Hence, 

- 2  
C ( r  -r ) = (2.5 t o  5) x 10 o o e  

Since H ( R )  i s  of t h e  order  of  u n i t y  f o r  p a r t i c l e s  i n  t h e  range of 

1 BV/cequation ( 2 )  shows t h a t  1 / G  gives t h e  o rde r  of magnitude of 
0 



h 
/ ,  lice, i L A f o r  a 1 U V / ~  p a r t i c l e  ( - 0.7 x i o  KM i n  a 57 

, of' I hc order  of several m i l l i o n  ki lometers ,  r i s  of  t h e  1 I ( ' i  1 )  . 

IJsdcr of 5 t o  20 e a r t h  r a d i i ,  which i s  i n  the range normally sugge3ttcl 

(e .g .  Parker, 1963). 

t h a t  t he  r e s u l t s  f o r  d i f f u s i o n  e s s e n t i a l l y  a long a s p i r a l  f i e l d  l i n e  

l e a d  t o  an equation similar t o  t h e  i s o t r o p i c  case  ( S e e  Parker 1965, 

equation 31) e 

t i o n  f o r  t h e  s t rong ly  a n i s o t r o p i c  d i f f u s i o n  a n a l y s i s  m , A l d  indLcat,cl 

a somewhat smaller boundary t o  t h e  s c a t t e r i n g  region.  Natural iy  

if t h e  d i s t ance  between s c a t t e r s  i s  assumed t o  decred52 w i t i ?  i n -  

c r eas ing  r ,  t h e  oa l cu la t ed  boundary w i l l  b e  f u r t h e r  fro.., t k c -  3o.n. 

0 

A s  i nd ica t ed  e a r l i e r ,  Parker (1965) has shown 

!Tor values  of h of t h e  order  discussed he re ,  the cqua- 

VI. Coxparison of t h e  Experimental Data t o  t h e  So la r  Wi.:7d Thecry 

Including Decelerat ion 

A s  i .ndicated i n  s e c t i o n  I11 t h e  problem of  dece!.erat.ion h ~ r  m:~. 

heen solved e x a c t l y  t h e o r e t i c a l l y  and so only an est,il?naf,e cjf it,s 

c!Zfect e x i s t s .  A s  an example, t h e  1963 spectx.a will be eXdl:.:;Ied. '7k.e 

~ 3 r . l i e r  e s t ima tes  of A i n d i c a t e d  t h a t  it was about 0 , 6 ;  s o ,  u s ing  the  

?I; e.f Farker  (1963), an e s t ima te  of t h e  d e c e l e r a t i 5 n  s f f e z t  c a n  L'F: 

The d e c e l e r a t i o n  changes both t h e  energy t;nd t h e  d i f f e r e n t i d  made. 

f lux kccaase b0t.h t h e  energy and t h e  s i z e  of t h e  energy ir.%erxr;i chai~gc.. 

Figure !.2 shows t h e  helium spectrum with t h e  d e c e l e r a t i o n  removed, 

bu-t not t h e  mcdulation. 

.1 i~tt2.e and i s  s t i l l  e a s i l y  f i t t e d  by t h e  modulation functions .1.1~irlg 

It i s  seen t h a t  t h ?  shape change:; r e i a t  
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a s l i g h t l y  d i f f e r e n t  value of A and Ro. 

t h e  d e c e l e r a t i o n  becomes l a r g e ,  b u t t h e  spread i n  t h e  er.ergy i n t e r v a l  

compensates f o r  t h i s  e f f e c t  somewhat l e a v i n g  t h e  shape changed l i t t l e .  

It does not appear t h a t  t h i s  e f f e c t  could exp la in  t h e  i n c r e a s e  i n  

I n  t h e  low energy r eg ion  

t h e  d i f f e r e n t i a l  helium f l u x  a t > o w  ene rg ie s  i n  i t s e l f  because a l -  

though t h e  d e c e l e r a t i o n  e f f e c t  i nc reases  i n  s t r e n g t h  a t  low ene rg ie s  

t h e  suppression due t o  d i f f u s i o n  does a l s o ,  g e n e r a l l y  l e a d i n g  t o  t h e  

type of r e s u l t  shown i n  Figure 12. 

does not  show a similar effect  as  would be expected. 

t h e  helium n u c l e i  f l u x  i n c r e a s e  a t  very low ene rg ie s  i s  a func t ion  

o f  t h e  d i f f e r e n c e  between theoanhoduhted proton and'shelium'speatrum. 

Assuming t h a t  K i s  p ropor t iona l  t o  BR does not change t h e  argument 

apprec i ab ly  s i n c e  f o r  r o V / K  va lues  g rea t e r  than 3 Lhe degree of  

d e c e l e r a t i o n  i n c r e a s e s  on ly  slowly. 

Fu r the r  t h e  proton component 

Hence, appa ren t ly  

It i s  a l s o  worth mentioning t h a t  it i s  u n l i k e l y  t h a t  t h e  i n c r e a s e  

i n  t h e  helium p a r t i c l e  flux below 30 MeV/nucleon observed i n  l9& and 

1965 i s  due t o  t h e r e  being f e w  s c a t t e r i n g  k inks  or c e l l  s i z e s  below 

t h e  corresponding r i g i d i t y  f o r  two reasons.  

same r i g i d i t y  has a k i n e t i c  energy of about 115 MeV and t h e r e  i s  no 

i n d i c a t i o n  o f  a break i n  t h e  spec t r a  a t  t h a t  po in t .  Secondly, a 30 

MeV/nucleon helium nucleus has a r ad ius  of cu rva t ion  3.2iI-0 km i n  a 

5 gamma f i e l d  and t h e  s a t e l l i t e  magnetic f i e l d  d a t a  analyzed i n  t h e  

manner descr ibed e a r l i e r  extend down t o  pe r iods  as short as 100 sec 

corresponding t o  0.4 x 1 0  km. Also ,  s i n c e  t h e s e  low energy p a r t i c l e s  

F i r s t l y ,  a proton of  t h e  

5 

5 
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o n l y  appear near s o l a r  minimum and t h e  proton t o  helium r a t i o  i s  q u i t e  

small i n  t h e  energy/nlicleon i n t e r v a l  where t h e y  appear,  t h e y  a r e  probably 

not s o l a r .  Therefore ,  although t h e  s i t u a t i o n  i s  no t  yet  e n t i r e l y  

c l e a r ,  t hey  are probably i n  t h e  primary flux. 

I n  looking for o t h e r  experimental evidence for d e c e l e r a t i o n  o r  

t h e  lack o f  i t ,  F i c h t e l  and Reames (1966) summarize t h e  s e v e r a l  reasons 

for bel ieving t h e r e  w a s  not  any apprec iab le  Fermi type d e c e l e r a t i c n ,  

but  i nd ica t ed  t h a t  for t h e  expansion d e c e l e r a t i o n  case,  t h e  experi-  

mental d a t a  could o n l y  argue a g a i n s t  l a r g e  ( > Z 5 $ )  d e c e l e r a t i o r s ,  f c r  

medim energy (A50 MeV/nuc.) n u c l e i  and electran;.  The two rn,ijor 

considerat ions were t h e  l i g h t  t o  medim P u c i e i  y a t i o  k l u , . , p  a t  1.50 

MeU/nucleon and t h e  presence of  low energy (1 t o  1 0  M e V )  elen+rc,iiL. 

From t he  a n a l y s i s  here ,  on ly  a 10  t o  20% d e c e i e r a t i o n  13 expected l'cr 

130 MeV/nucleon p a r t i c l e s ,  and, s i n c e  B i s  e s s e n t i a l l y  one for 1 t o  

10 MeV e l ec t rons  and t h e  r i g i d i t y  i s  s u f f i c i e n t l y  small so t-hzt 

e l e c t r c n s  nay be s c a t t e r e d  ve ry  l i t t l e  and simply fol low t h e  f i e M  

l i n e s .  

d w e l e r a t i o n  f o r  t h e s e  p a r t i c l e s .  

Since r V / K  i s  small because K i s  l a r g e ;  t h e r e  i s  a l sc  l i t t l e  
0 

VI I. Summary 

The s o l a r  wind theo ry  of t h e  modulation o f  g a l a c t i c  iosmic Tciy: 

now seems t o  be on reasonably fil-m ground experimental ly  aqd t h e o r e t i -  

c a l l y ,  being c o n s i s t e n t  w i t h  t h e  r e c e n t  plasma and f i e l d  me,isurernents 

ds w e l l  a s  t h e  p a r t i c l e  measurements; whereas other xe:? kmwn 
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modulation models now have se r ious  d i f f i c u l t i e s .  It was shown t h a t  

t h e  so lar  wind theo ry  parameters determined experimental ly  from t h e  

charged p a r t i c l e  d a t a  a r e  cons i s t en t  w i th  t h e  va lues  expected from 

o t h e r  knowledge. 

d a t a  a l low only  l i m i t e d  conclusions t o  be drawn without making any 

r e s t r i c t i o n s  a t  a l l  on t h e  p a r t i c l e  s p e c t r a  o u t s i d e  t h e  s o l a r  system. 

It was f u r t h e r  seen t h a t  t h e  a v a i l a b l e  experimental  

Seve ra l  d i f f e r e n t  assumptions were then  made about t h e  sou rce  

spec t r a .  

nucleon spec t r a  a t  t h e  source f o r  protons and helium n u c l e i  l e a d s  t o  

The h i s t o r i c a l l y  popular assumption of s i m i l a r  energy/ 

unmodulated cosmic r a y  s p e c t r a  which have very high i n t e n s i t i e s  a t  

low energ ies .  

energy d e n s i t y  would c l e a r l y  exceed t h e  magnetic f i e l d  energy d e n s i t y  

i n  t h e  galaxy. Fur ther ,  t h i s  r e s u l t  i s  i n c o n s i s t e n t  wi th  t h e  helium 

n u c l e i  energy spectrum der ived  from t h e  assumption 

t h a t  helium and heavier  nuc le i  with t h e  same charge t o  mass r a t i o  

have t h e  same spectrum a t  t h e  source. A s i m i l a r  a n a l y s i s  based on 

similar r i g i d i t y  s p e c t r a  a t  t h e  source f o r  protons and helium n u c l e i  

l e d  t o  a source s p e c t r a l  shape which was more reasonable .  

conclusions were not  a f f e c t e d  by the  type  of s c a t t e r i n g  c e n t e r  d i s -  

t r i b u t i o n  assumed over  a wide range of  choices .  

of secondary protons produced i n  i n t e r g a l a c t i c  space tended t o  have 

a r e l a t i v e l y  small  e f f e c t .  

I n  f a c t ,  t h e  flux i s  s o  l a r g e  t h a t  t h e  cosmic r a y  

The genera l  

Fu r the r ,  t h e  i n c l u s i o n  

The next approach was t o  assume t h a t  a helium spectrum of t h e  

type  deduced from t h e  helium and heavy n u c l e i  d a t a ,  assuming s i m i l a r  
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source spec t r a ,  was c o r r e c t .  

degree of modulation could be c a l c u l a t e d  f o r  each year, and from t h e s e  

r e s u l t s  it was p o s s i b l e  t o  c a l c u l a t e  an unmodulated source spectrum which 

d i f f e r e d  from t h e  helium one and l e d  t o  a proton t o  helium n u c l e i  

r a t i o  which i n c r e a s e s  w i t h  energy/nucleon i n  t h e  range from 0.1 t o  

20 BeV/nucleon, i f  t h e  high energy experimental  d a t a  are c o r r e c t .  

F ina l ly ,  t h e  importance of d e c e l e r a t i o n  was considered, and, 

Given t h e  unmodulated spectrum, t h e  

although t h e  degree of d e c e l e r a t i o n  i s  somewhat d i f f i c u l t  t o  e s t ima te  

it was seen t h a t  t h e  p a r t i c u l a r  shape of t h e  measured spectrum made 

t h e  previous a n a l y s i s  i n s e n s i t i v e  t o  t h e  d e c e l e r a t i o n  e f f e c t .  

Thus, although it i s  not y e t  p o s s i b l e  t o  have a c l e a r l y  d e f i n i -  

t i v e  answer t o  t n e  problem of modulation, t h e r e  a r e  a number of 

important conclusions which can be drawn. Fur the r ,  it i s  beginning 

t o  appear t h a t  t h e  concept of  similar source s p e c t r a  f o r  protons m d  

helium nuclei  w i l l  have t o  be abandoned u l t ima te ly .  

mental  s i d e ,  p r e c i s e  proton,  helium n u c l e i  and e l e c t r o n  s p e c t r a  as 

a funct ion of t i m e  and d i s t a n c e  from t h e  sun over  a wide range of  

ene rg ie s  w i l l  provide t h e  basis for a much more exact  understanding 

o f  t h e  modulation process.  

On t h e  experi-  
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Figure Captions 

Figure 1. Energy d i s t r i b u t i o n  of secondary s ingly charged p a r t i c l e s  

formed i n  in te rac t ions  of cosmic rays with nuc le i  i n  

nuclear emulsions. These secondaries had angles of l e s s  

than 30' with respect  t o  a vector  pointing downward i n t o  

the  ear th  and represent  data col lected during t h e  balloon 

f l i g h t s  i n  1961, 1963, and 1964. 

Figure 2. The d i f f e r e n t i a l  energy/nucleon fluxes f o r  protons measured 

by various inves t iga tors  i n  1959, 1961, 1963 and 1965. 

1959-a : Webber and McDonald (1964); 1961-*: 

Present work; 1963- b: Present work; 1963-.:  

McDonald and Ludwig (1964) ; 1963-/5: Balasubrahmanyan 

and McDonald (1964); i963-i ': Fre ie r  and Waddington 

(1965b); 1 9 6 3 4 :  Ormes and Webber (1965); 1965-+ 

Balasubrahmanyan e t  a l .  (1966); 1965.  : Ormes and 

Webber (1965). 

Figure 3. The d i f f e r e n t i a l  energy/nucleon f luxes  f o r  helium nuclei  

measured by various inves t iga tors  i n  1957, 1961, 1963, 

and 1965. 

1959-'-': Webber and McDonald (1964) ; 1961- 4 Present 

Work; 1963- '-*Present work; 1963-: ' 3 :  Balasubrahmanyan 

and McDonald (1964); 1963-\*: Fan e t  a l .  (1965); 



1963-: : ~ ~ ~ i ~ +  and Waddington (1965b) ; 1963-.! : 

Ormes and Webber (1965) ; 1965-49: Balasubrahmanyan 

e t  a l .  (1966); 1965-(~.:  Comstock e t  a l .  (1966); 

1965-ji: Ormes and Webber (1965). 

Figure 4. Proton t o  helium nuc le i  r a t i o  determined from t h e  1963 

measurements shown i n  F igures  2 and 3 .  The curves i n -  

d i c a t e  t h e  t h e o r e t i c a l  r a t i o  f o r  t h e  parameters given 

i n  t h e  f i g u r e  assuming s i m i l a r  energy/nucleon s p e c t r a  

f o r  protons and helium n u c l e i  a t  t h e  source. 

Figure 5. Unmodulated spec t r a  and source s p e c t r a  obtained us ing  

t h e  1963 observed spec t r a  and assuming 2.8 g/cm 

i n t e r s t e l l a r  mat te r ,  s i m i l a r  v e l o c i t y  s p e c t r a  a t  t h e  

source f o r  protons and helium n u c l e i ,  and t h e  ind ica t ed  

parameters.  

Proton t o  helium n u c l e i  r a t i o s  observed i n  1963 a s  obta ined  

from Figures  2 and 3, p l o t t e d  as a func t ion  of proton r i g i d i t y .  

The curves show t h e  t h e o r e t i c a l  va lues  which were obtained 

f o r  t h e  ind ica t ed  parameters.  Note: t h e  helium f l u x  

value which i s  compared t o  t h e  pro ton  va lue  i s  measured 

a t  a d i f f e r e n t  r i g i d i t y ;  s ee  t h e  t e x t  f o r  an explanat ion.  

2 of 

Figure 6. 

Figure 7. Source s p e c t r a  and modulated s p e c t r a  obtained using t h e  

observed 1963 spec t r a  and assuming 2.5 g/cm" of i n t e r -  

s t e l l a r  mat te r , s imi la r  r i g i d i t y  s p e c t r a  a t  t h e  source f o r  



protons and helium nucle i ,  and t h e  parameters i nd ica t ed  

i n  t h e  f i g u r e .  

1961-/’ a lpha,  i protons: p re sen t  work; 

a lpha,  protons: present  work; 1963 ---- averaged 

1963 d a t a ,  see Figures 1 and 2 for re ferences ;  

1965-r  alpha: Comstock e t  a l . ,  (1965); 

alphas,* protons: Balasubrahmanyan e t  al.,  (1966) ; 

n alpha,  I) protons: Ormes and Webber (1965). 

1962-f. 

1965-Ce 

Figure  8a. Unmodulated d i f f e r e n t i a l  s p e c t r a  for  protons and helium 

n u c l e i  wi th  t h e  secondary s i n g l y  charged p a r t i c l e  cor rec-  

t i o n  ( s o l i d  l i n e )  and without it (dashed l i n e )  assuming 

a source s p e c t r a l  shape of t h e  form C/k?05, where W i s  

t h e  t o t a l  energy per nucleon, an  i n t e r s t e l l a r  pa th  

l e n g t h  of  2.8 g/cm , and proton t o  helium n u c l e i  r a t i o s  

a t  t h e  source i n  t h i s  energy reg ion  of t h r e e  (E) and 

f i v e  ( A ) .  

2 

Figure  8b. Unmodulated d i f f e r e n t i a l  s p e c t r a  f o r  pro tons  and helium 

n u c l e i  wi th  t h e  secondary s i n g l y  charged p a r t i c l e  cor rec-  

t i o n  ( s o l i d  l i n e )  and without it (dashed l i n e )  assuming 

a source s p e c t r a l  shape of t h e  form deduced e a r l i e r  

assuming similar sourc? r i g i d i t y  s p e c t r a  (See Figure 

7 ) ,  an i n t e r s t e l l a r  pa th  l e n g t h  of  2.8 g/cm , and a 

proton t o  helium n u c l e i  r a t i o  of f i v e .  

2 



Figure  9a. Calculated helium s p e c t r a  obtained f o r  1965, 1963, 1961, 

and 1959 assuming a source s p e c t r a l  shape of  t h e  form 

C / $ O 5 ,  an i n t e r s t e l l a r  pa th  of 2.8 g/cm , a modulation 

funct ion of t h e  form G of t a b l e  111, and t h e  parameters 

given i n  t h e  f i g u r e .  

2 

Figure 9b. Calculated helium spec t r a  obtained for 1965, 1963, 1961, 

and 1959 assuming a source s p e c t r a l  shape of t h e  form 

C/W2'7, ap i n t e r s t e l l a r  path of 2.8 g/cn , a modulation 

func t ion  of t h e  form G of t a b l e  111, and t h e  parameters 

2 

given i n  t h e  f i g u r e .  

?'j <', i f  e 10. ITnmodulated proton spectrum deduced from an a n a l y s i s  

of the  helium n u c l e i  da t a  ( s e e  t e x t )  and t h e  c a l c u i a t c d  

modulated proton spec t r a  f o r  1965, 1963, 1961, arid 1959 

using t h e  parameters shown which a r e  t h e  same as  Lnose 

deduced for t h e  helium n u c l e i  f o r  ~ 2 . 5 .  

Figure  11. Derived source spectrum f o r  helium n u c l e i  ( B )  and 

protons (D)  using t h e  unmodulated proton specLrun ( C )  

of f i g u r e  1 0  and t h e  unmodulated helium spectrum 

( A )  discussed i n  s e c t i o n  V C .  



F i g u r e  12 Smooth f i L  to observed 1963 modulated helium nuclei spectrum 

( so l id  l i n e )  and curve (dashed l i n e )  showing an estimate 

of what t h e  spectrum would have been i f  t h e r e  had been 

only convect ion-diffusion modulation and no d e c e l e r a t i o n  

( s e e  t e x t ) .  
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